transmitting data to the control centers. Furthermore, the power consumption in sensor nodes is dominated by the radio transmissiodreception circuitry. Hence, the communication PrOtOCOIS must be designed such that the energy consumed by the radio circuitry is small as possible.
INTRODUCTION
Wireless sensor networks are ad hoc networks composed of a large number of small sensor nodes and one or more ''base stations" which process the data received from the sensor nodes and take necessary control actions. Such networks are typically used for monitoring and surveillance functions. A sensor node collects sensory data from its environment, and such data are processed by the node circuitry to determine if an "event" has occurred. Once an event occurs, the node needs to transmit some data collected from the event to a base station. The data transmission phase involves sending $e data through other sensor nodes that act as intermediate nodes in a multi-hop network.
The sensor nodes in wireless sensor networks have a limited energy supply that usually cannot be renewed. Thus, the lifetime of a network is constrained by the amount of energy that is spent by the sensor nodes in performing their operation of sensing, processing, and to a base station). Prior to the data transfer, the link between A and B must be established, as shown in Figure l . In order to conserve energy during the period when a node is only in the monitoring state and does not have any data to transmit or receive, the STEM protocol does the following. The data radio is in sleep mode until a link to a neighboring node is activated through a control message exchange between the node and one of its neighbors. The control radio of a node sleeps most of the time and wakes up periodically in order to listen to possible requests from neighboring nodes which want to transfer some data to the node. STEM has two versions called STEM-B and STEM-T, where B stands for beacon and T for tone. In this paper, we will restrict ourselves to STEM-B, and refer to it simply as STEM. Node A transmits a series of beacons (control packets containing A's and B's MAC addresses) to node B until one of the beacons is received by node B, which then acknowledges the receipt of this packet and turns on its data radio. Upon receiving the acknowledgement from B, A turns on its data radio and the link between A and B is activated for data transfer. The duration of each beacon, the inter-beacon interval, the duration of each listen period for B's control radio and the sleep interval for node B's control radio are the protocol's parameters. Note that beacons or acknowledgements may collide with other beacon and/or acknowledgement transmissions, and the protocol ensures that these situations are handled correctly. presented an analysis of the energy savings that STEM could offer over a protocol that did not separate the data transfer phase and the monitoring phase, it was not the objective of [6] to optimize the protocol's parameters. Furthermore, some of the characteristics of sensor node radios (such as the time taken for a transceiver to transition from transmit to receive mode) were not taken into account in analyzing the energy savings and link activation latency (to he defined soon). Our goal in this paper is to consider the hardware characteristics of the radios and optimize the protocol's parameters for energy efficiency.
The rest of the paper is organized as follows. The system model, some notation, and the problem we propose to solve are presented in the next section. Results leading to the optimal parameter settings are presented in the subsequent section. This is followed by some numerical results, and then some concluding remarks are made.
THEPROBLEM
We begin this section by defining some terminology used in describing our problem. Please refer to Figure 2 to follow the notation. As mentioned earlier, node A transmits a series of beacons, and node B alternates between sleep and receive modes, until one of the beacons is captured by node B, upon which B sends an ACK hack to A. This completes the link setup process. Note that there is no synchronization assumed between node A and node B.
The duration of each beacon is denoted by T T~, and its value is determined by the length of each control packet and the data rate of the control radio. Hence, TT, is assumed to be a given parameter in our problem. The time taken for a transceiver to transition from receive to transmit (and from transmit to receive) mode is denoted by Typically, there are constraints on the delay for activating the link, and link activation delay can be traded off against energy consumption. The general objective of link activation protocols is to maximize the lifetime of the network subject to satisfying the delay constraints. While this problem may be formulated in a variety of ways, we choose to formulate it as follows.
T I C -T~ (and TT=-R~). Let
Let us suppose I is the average interval between requests to set up a link between A and B, i.e., the period between successive data transfers from A to B. Then, we wish to minimize the energy consumed in an average interval I , subject to the link activation delay constraints. Note that node A may also have to receive data from other nodes, and therefore, when it is not sending beacons, it must be following the sleep-receive-sleep cycle as node B. Thus, when A is ready to start sending beacons, its control transceiver may either he in receive 'or sleep mode. For simplicity, we will assume that it is in receive mode. Now, the link activation deluy. denoted by D, is defined to he the period starting from when the transceiver at node Astarts to transition from receive to transmit mode for the first beacon to the time when it starts to transition from receive to transmit mode for the last beacon (i.e., the beacon that is captured at B). If Let the transceiver power consumption while it is in transmit, receive, and sleep modes be denoted by P T~, Ph, and PSI, respectively. Let the energy consumed at A during transition periods from receive to transmit mode and from transmit to receive mode together, in one beacon transmit cycle (i.e., within TT) be denoted by E T~.
Similarly, let the energy consumed at B during transition periods from sleep to receive mode and from receive to sleep mode together in one wakeup cycle (i.e., within a period TR) be denoted by E h .
Among the above parameters, TT, T m , and TR are design parameters (i.e., to be determined in our optimization). The remaining are system-or application-specific given values.
Let E(A) and E ( B ) denote the average amount of energy consumed at nodes A and B , respectively, during a period I. We then note that 
E ( B ) = ( T R~P R~+ ( T R -T~~) P s~+ E~) . I / T R .
(2)
Now, the overall energy consumed by the control radios at nodes A and B during the period of I is given by
E = E ( A ) + E(B).
We thus have the following problem:
Given parameters as defined before, determine values ofTT, TR., and TR to minimize E satisfying the condition that the resulting link activation delay D 5 DO.
THE OPTIMUM SOLUTION
In this section, we first prove the following result that will be used for setting the optimal parameters. Suppose the first beacon starts between time t o and time tl. If the first beacon is captured during the 1st wake-up period, the range of the start time (i.e., time to start to transmit after completing transition from receive to transmit mode) of the first beacon must be bounded by z. Similarly, the range of the start time of the first beacon captured by the ith (1 < i 5 k ) wake-up period is bounded by z. To guarantee the first beacon captured by the kth wake-up period, kz 2 TT. which implies z 2 TT/k. we need to find D,,, in order to determine E ( A ) and, thence, find the optimal value of TT that minimizes E.
We proceed to do that now.
For purposes of explanation, let us say that a starting point of a beacon is the instant of time at which A' s transceiver has just finished its transition from receive to (i.e., k 2 TT/z), we have DO 2 3 -2 .
completes the proof of the lemma. 
(3)
Now, E(A) can be obtained by substituting for Dave in (1). Unfortunately, because of the floor function in 8, it is not possible to get an analytical expression for the optimal value of TT that minimizes E , and the optimal value of TT has to be determined numerically. In the next section, we present some performance evaluation results.
EXPERIMENTAL RESULTS
We assume that the control radios are the TRIO00 radio transceivers [I] . We assume that the data rate for the radio is 2.4 kbps, the size of beacon is 144 bits, and the size of acknowledgment is 144 bits (following [6] ). For this data rate, the parameters of the TRIO00 radio are: PT, = 36 mW,P& = 5 . 4 r n W . P~~ =2.1 ~W , T T = -& = 19.211% TRT-T~ = 12 p, Ts1-h = 19.2 ms, and Tfi-sl = 10
PS.
We can calculate T n and w. the minimum possible value of (TT -Ti-=) using the following equation.
T n = B e a c a S i z e / D a t a R a t e w = AcknmledgmentSize/DataRate + Details about the power consumption during the transition periods from one mode to another could not be found for the TRloOO, and therefore, we present results for three assumptions regarding the power consumption as given below.
When changing to mode Y from mode X, the power con- We next plot the optimal value of TT (obtained numerically) against I in Figure 5 . We observe that TT decreases monotonically with I . This can be explained by the fact that E ( B ) increases with I and this increase can be compensated by decreasing T h (= TT +TT= for optimality).
However, notice that TT is lower bounded by T T~ + CZT = 139.212 for the parameters in Table I , and therefore, the optimal TT for large values of I can be expected to be equal to this lower bound. In Figure 6 , we'fix I at 1 day, and plot the optimal value of TT against the link activation delay bound DO.
As explained above, the optimal value of TT is equal to the lower bound initially.. However, as Do increases, the optimal value of TT increases beyond this lower bound. Next, in Figure 7 , the lifetime of a node is plotted as a function of TT for I = I hour. Here, the total energy of each node, E , is assumed to be 75 Joules, and it is assumed that each node requests data transfer at intervals of I for 50% of its lifetime and is in the sleep/wakeup cycle listening for data transfer requests the other 50% of its lifetime. Hence. lifetime is given by 2EIIE. Notice that the lifetime can vary by up to 50% depending on the value of TT that is chosen, in Figure 7 . Choosing TT appropriately is even more important when I is large (1 day) as Figure 8 shows. Here, the lifetime continuously decreases from about 62 days as TT increases.
Finally, we plot the node's lifetime (with optimal parameters) as I increases in Figure 9 . Here, we see that the lifetime increases rapidly initially and then gradually flattens out. This is because, for large I , TT reaches its lower bound and thus all design-parameters are fixed. 
CONCLUDING REMARKS
Wireless sensor networks are a topic of intensive research these days because of their wide range of applications and the decreasing costs of sensors and short range radio transceivers. An important consideration in designing communication protocols for sensor networks is the energy consumption. In this paper, we considered a protocol for sensor networks called STEM and focused on optimizing its parameters. The optimization considered such radio characteristics as the time to transition from one mode to another and the power consumption during these times. Results show the performance of a node can vary significantly depending on the system and protocol parameters.
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